objectives To describe the epidemiology of malaria in pregnancy in Haiti. methods Cross-sectional study among pregnant women in six departments of Haiti. After obtaining informed consent, whole blood samples and demographic surveys were collected to investigate malaria prevalence, anaemia and socio-behavioural risk factors for infection, respectively. A total of 311 pregnant women were screened for Plasmodium falciparum infection using a rapid diagnostic test (RDT), microscopy and a novel, quantitative reverse transcriptase polymerase chain reaction method (qRT-PCR).
Introduction
Infection with malaria parasites has been a scourge for millennia; however, the impact of having malaria during pregnancy was first made a focus of research during the early twentieth century [1, 2] . It is now known that pregnant women are more susceptible to malaria than their non-pregnant peers [3] and that the severity of the infection depends on the level of pre-pregnancy immunity [4, 5] . Malaria infections during pregnancy can cause substantial adverse outcomes for the mother, the developing foetus and the newborn child including higher rates of miscarriage, premature delivery and low birthweight. Pregnant women are three times more likely to develop severe malaria than non-pregnant peers, with a mortality rate up to 50% for severe infections [6, 7] . Despite recognising the importance of treating malaria in pregnant women to prevent adverse outcomes, reliable diagnosis of malaria in pregnancy remains challenging. The principal reason is that potential parasite sequestration in the placenta reduces the number of parasites circulating in the peripheral blood, thus making microscopic detection very difficult [8, 9] . Use of a rapid diagnostic test (RDT) offers a better chance of diagnosing malaria during pregnancy, as RDTs detect circulating antigen particles rather than intact parasites [9, 10] . Despite this advantage, most RDTs fail to provide accurate diagnosis when blood parasite levels fall below 200 parasites per microlitres [11] . This greatly reduces the reliability of RDTs in cases of submicroscopic malaria infections where parasite levels may be <10 parasites per microlitre.
Even at submicroscopic levels of infection, malaria during pregnancy may contribute to adverse outcomes such as anaemia, low birthweight, intrauterine growth retardation, congenital infection and infant mortality [12] [13] [14] . It is estimated that in endemic areas, at least 25% of pregnant women are infected [15] . The vast majority of studies targeting pregnant women as a high-risk group were conducted in sub-Saharan Africa, where transmission levels are high, and the vector is primarily an indoor feeder (Anopheles gambiae).
In Haiti, the only Caribbean country with endemic malaria transmission, the study of malaria in pregnancy remains neglected. Although malaria is identified as a detrimental to foetus and a cause of abortion by the MSPP manual of maternal work standards, only a small fraction of healthcare facilities that offers prenatal care has the capacity to screen for malaria [16] . Generally, 90% of pregnant women in Haiti receive at least one antenatal care. The number drops to 67% for those who attend the recommended four visits [17] ; however, only 26% of births occur in hospitals or in the presence of skilled healthcare workers [18] .
The overall national prevalence of active malaria cases in Haiti is estimated to be <1% [19, 20] , with focal studies estimating annual transmission rates between 2% and 5% [21] . The country is defined by the World Health Organization (WHO) to have unstable malaria transmission [22] , with Plasmodium falciparum to be the only documented parasite, and a single vector of Anopheles albimanus, a known poor vector for transmission with an outdoor-feeding habit [23] . Although the annual prevalence of infection documented by Ministry of Health officials shows that malaria is declining (~80 000 in 2010 to~17 000 in 2014) [19, 24] , the absence of systematic cross-sectional surveillance among asymptomatic populations poses doubts that this decline is real [25] [26] [27] . Due to the unique characteristics of malaria infection during pregnancy, molecular assays are becoming the most reliable method of disease detection worldwide [14, 28] ; however, studies that utilise molecular tools to identify malaria infection in Haiti are very limited.
For these reasons, highly sensitive surveillance techniques were used in tandem with traditional methods to investigate the prevalence of submicroscopic malaria infections among pregnant women in Haiti. Hopefully, the knowledge gained from this endeavour will stimulate intervention and surveillance programmes for pregnant women and support efforts to eliminate malaria transmission in Haiti by 2020.
Methods

Study area and population
This study was approved by the ethical review board of the Haiti Ministry of Health (Minist ere de la Sant e Publique et de la Population) and by the Institutional Review Board of the University of Florida. Between August 2014 and March 2015, a convenient sample of pregnant women (n = 311) was enrolled from rural sites in six departments in Haiti (Artibonite, Plateau Central, Grand' Anse, Nord, Ouest and Sud-Est). Participants were regular attendants of maternity clinics either in non-governmental organisations (NGOs), local MSPP dispensaries or hospitals.
Design
A cross-sectional surveillance study was conducted in rural sites of six departments in Haiti. Three of the departments (Sud-Est, Nord and Grand Anse) were previously described in literature to be of high-transmission setting, as defined by WHO, and three were defined as low-transmission setting (Plateau Central, Ouest and Artibonite). Women were enrolled using the aid of local NGOs and government hospitals. Members of the NGO or nurses from the local hospitals announced the visit of the study personnel within the nearby villages, where they normally function and invited all pregnant women to show up at sites of enrolment the next day for a malaria screening. Each participant who showed up the next day was then asked for consent and to provide 5 ml of venous blood collected by venipuncture in EDTA-coated purple top tube.
Diagnostics
The blood collection tube was inverted multiple times to ensure proper mixing of blood with the anticoagulant before 5 ll of whole blood was used to perform the CareStart Malaria HRP2 test according to manufacturer's specifications. Approximately 25 ll of blood was used to prepare a thick smear following CDC protocol [29] . A 10 ll aliquot of whole blood was used to measure the haemoglobin concentration (gHgb/dl) using Hemocue â HB201+. Finally, a 400 ll aliquot of whole blood was placed in 1200 ll of DNA/RNA Shield TM (DRS) (Zymo Research, Inc.) to stabilise nucleic acids for subsequent analysis. Samples were transferred on ice to University of Florida (UF) laboratory in Gressier prior to shipment to the Emerging Pathogens Institute, Gainesville, FL. Total RNA was extracted from whole blood preserved in DRS using Quick-RNA TM MiniPrep Kit (Zymo Research). Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was conducted using Express One-Step SuperScript qRT-PCR Kit (Invitrogen) following the manufacturer's instructions. The PCR protocol for testing the samples for the presence of Plasmodium falciparum small subunit ribosomal RNA was conducted following the procedures described previously [27] . Results from the haemoglobin test and the malaria RDT test were delivered back to participants on site as an incentive for their participation.
During the waiting time, participants were invited by the study team to answer a demographic questionnaire to capture risk factors for malaria infection. The questionnaire included three sections: the first focused on general demographic information such as age, level of education, geographical residence, number of parity, social status and occupation; the second section focused on documenting history of infection by investigating the presence of malaria symptoms, history of self or a household member being infected and availability of treatment; and the third section aimed to capture behaviour that would increase risk of infection by increasing the chance of subjecting the participant to mosquito bites, such as outdoor vs. indoor sleeping pattern, bed-net usage, insecticide usage, travel history, awareness of the disease and its mode of transmission.
Statistical analysis
Logistic regression models were used to determine the likelihood of carrying malaria parasites in venous blood as identified by the RT-PCR. All analyses were conducted using Stata software V.11 (Statacorp, College Station, TX, USA) with an alpha value of 0.05 to denote statistical significance.
Results
Malaria infection
Plasmodium falciparum was found in 16.4% of the sampled population by qRT-PCR vs. a rate of only 1.2% by both RDT and microscopy. The prevalence of submicroscopic malaria infections varied by geographical location (Table 1) , with the highest level of infection in Grand' Anse (46% qRT-PCR positive) followed by Sud-Est (18.4%), and Nord (16.1%), with significantly lower levels in Ouest (3.2%) and Plateau Central (5%); no infections were recorded in Artibonite department.
Anaemia rates
Using WHO guidelines for the classification of anaemia [30] , 53% of the sample population had some form of anaemia: 2.5% (8/311) were severely anaemic, 25% (78/ 311) moderately anaemic and 25.7% (80/311) mildly anaemic ( Figure 1 ). Nearly half the screened population (48.8%) reported to have access to iron tablets; however, there was no indication of dosage or frequency of consumption. Educated women (those who received at least some level of schooling) were three times more likely to report access to iron than the illiterate population (P < 0.001). Although common, anaemia was not found to be a statistically significant predictor of submicroscopic malaria infection.
Socio-demographic factors
Nearly two-thirds (65%) of pregnant women reported owning at least one bed net and 14% reported the use of indoor residual insecticides. Neither of the methods of mosquito bite prevention was found to be associated with a reduction in submicroscopic malaria infections. Only 25% of the women reported to be legally married to their male partner, 33% identified themselves to be single, and 41% reported to be in a male-female relationship (Table 2) . When the marital status was included in the regression model, surprisingly, the likelihood of having a submicroscopic malaria infection was more than threefold higher in single pregnant women (OR = 3.54, Bold values are emphasizing the results. P = 0.016) or non-married pregnant women in a relationship (OR = 3.39, P = 0.018) than in married women even after adjusting for age. Those who reported travel within the past month were 63% less likely to have a submicroscopic malaria infection (P = 0.002, OR = 0.37) ( Table 3) .
Discussion
Although malaria has likely been on the island for 500 years [31, 32] , very little is known about the impact of malaria infection on Haitian pregnant women. This is because malaria in pregnancy has been poorly documented and rarely investigated in Haiti. The malaria transmission intensity in Haiti is not clear; however, it is believed from official records that the number of cases has been declining in the past two decades. The decline was interrupted in 2010 with the earthquake, but soon afterwards the official numbers continued to report reduced rates of new malaria infections. In similar regions around the globe, where noticeable reduction in active cases occurs, a large proportion of asymptomatic/ submicroscopic population is reported when applying molecular diagnostic methods compared to affordable tools such as RDT or microscopy [33, 34] similar to what was detected in this study. The role of submicroscopic infections in sustaining transmission in areas of low-or unstable transmission setting such as Haiti has drawn attention by scientific communities with controversial opinions, [35] yet data on countries similar to Haiti support a larger role for submicroscopic infections to sustain transmission [36, 37] .
In unstable transmission settings such as Haiti, pregnant women may become asymptomatic reservoirs; depending on where they reside and the transmission intensity in their area, they remain unidentified during the routine passive surveillance. The parasite sequestration in the placenta hinders greatly the currently available diagnostic methods of RDT or microscopy often used by low-income countries. Compounding the challenge of diagnosing pregnant women, Haiti has no routine screening programme for malaria during prenatal care or an intervention programme such as intermittent preventive treatment in pregnancy (IPTp).
Although 53% of the study population had some form of anaemia, no association was found with likelihood of infection. The relationship between submicroscopic infection and anaemia has displayed controversial findings in literature. Although multiple studies reported little to no effect of submicroscopic infection on anaemia rates [38, 39] , others confirmed the association [40] . The absence of correlation between submicroscopic infection and anaemia in this study population could be masked with the high prevalence of anaemia and the small sample size (n = 311). The impact of domestic social structure of Haitian family has been an intriguing finding in this study. From the data in hand, we discovered that married women were less likely to have submicroscopic malaria infections than single women or unmarried women in active sexual relationships. The correlation between social status and malaria infection requires further investigation. The nature of social relationships in Haiti is complex, with five types of unions: mary e, Plas e, remen, menaj and 'viv avek' [16, 41] . In this study, only two of the five union statuses were recorded to facilitate the surveying process. From the demographic survey, married women were older, usually multigravid and less likely to have submicroscopic malaria infections. Although married women were on average older than their unwed counterparts, after adjustment for age, the likelihood of submicroscopic infection remained 3.25 times higher (P = 0.024). A simple explanation could be that the primary mosquito vector in Haiti (Anopheles albimanus) is an outdoor biter, feeding in times of dusk and dawn, when married women could be more engaged with indoor household activities rather than outdoor ones, hence less exposed to mosquito bites. Travel outside the enrolment site up to a month prior to screening was also associated with a reduced likelihood of submicroscopic malaria infections. This agrees with the common knowledge that malaria transmission in Haiti is focal within communities [42] . The study was limited by the small sample size and the variability in enrolled participants across departments due to budget constraints and logistical difficulties.
Conclusion
This study is to our knowledge the first cross-sectional surveillance utilising highly sensitive molecular assay to investigate malaria prevalence among pregnant population in Haiti. Given the high prevalence among the screened population in many areas, the impact of malaria infections during pregnancy in Haiti requires further attention. Although the study was limited in sample size and the fact that it only targeted a single data point with no follow-up, it still provides valuable knowledge of the widespread of submicroscopic infections among a neglected yet high-risk group for malarial infection. The highlight on the correlation between social status and disease infections raises further important questions on the socio-economic impact on disease transmission. Pregnant women are relatively easier to follow up over time as they tend to attend prenatal clinics for regular followups; however, the absence of IPT programme in Haiti prevents reducing infection among this vulnerable population. This study presents some preliminary finding on the level of submicroscopic infections in Haiti among pregnant women; however, further studies are needed to strengthen the findings and identify proper intervention means. Highly sensitive molecular methods such as the qRT-PCR used in this study could be a more effective tool for identifying such areas and support ongoing efforts to eliminate malaria from Haiti by 2020. 
